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CHAP1rER I 

Il'Jfl1RODUCTION 

It has been shown that tornadic clouds generate pulses 

of electromagnetic energyo Most of the investigation can~ied 

on at the Oklahoma Ao and Mo College under the supervision of 

Dr .. Ho Lo Jones has been at video frequencieso The amount of 

energy in the VHF spectrum is stlll unknovm and considerable 

investigation will be necessary to determine thiso 

1 

The main concern of this paper is the design of direction

finding equipment that may be used in the VHF band.,. that is, the 

lq4 mco amateur band., At these frequencies the man-made static 

has decreased to such an extent that the noise in the receiver 

is a determining factor for the minimum signal that can be re

ceived., The noise figure is treated quite thoroughly in Chapter 

III because it is the biggest problem in the obtaining of the 

maximum available signal-to-noise ratio .. The receiver is a 

BC 624-f'j. converted by Mr'o Lin Seow to be tunable over the 14-4-148 
mco banda In order to increase the overall gain and improve 

the signal-to-noise ratio a Wallman cascode amplifier is added 

to the receiver., In tnis receiver the automatic=gain-control 

voltage is used as an indicator., If the signal is too low an 

oscilloscope is placed across the ·second-detector lo~d resistance 

and, with suitable amplification9 the signal can be·viewedo 

This setup is designed to a:i.d in determining approximately the 

amplitude and type of signals to be expected., 

The antenna is designed to give a fairly wide bandwidth 

so that ii' the receiver had to be designed for a wide1" band

pass3 the antenna would still be usableo There is quite a bit-
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more experimentation to be done on the antenna since at frequen

cies above two meters it is impossible to measure the current 

in each element, let alone the phase. Some suggestions for 

further tests have been included in the conclusions. Material 

is provided for the design of the direction-finder with sugges

tions for improving its performanee. Since it is impossible to 

list all references, especially in antenna theory, a number of 

books were cited in which the reader may obtain further references 

to original studies. 
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CHAPTER II 

ANTENNAS 

Introduction 

An antenna is a "transformer11 that converts electromagnetic 

waves into guided waves or vice versao The directional patterns 

are the same for transmitting and receiving, but the optimum 

pattern for transmitting may not be optimum for receiving. For 

transmission, the optimum pattern is usually one that puts the 

maximum energy in the required directiono For reception the 

optimum pattern is one that gives the maximum signal-to-noise 

ratio., The patterns may be the same but not necessarilyo 

The noise generated in the antenna by the radiation resis

tance is fixed, but the external noise depends on its direction 

of arrival,, For direction-finders there should be a minimum of 

side lobes to prevent spurious readings and the input coupling 

should be adjusted for maximum signal-to-noise ratio,,l 

Binomial Array 

The antenna that meets the requirement of practically no 

side lobes is the binomial arrayo It can be made unidirectional 

and appears to be the most usefulo Due to the large .. background 

required for a through understanding of antenna theory, it was 

decided only to include the actual design and a few pertinate 

facts about it, and give references at the end of the thesis 

for the use of the reader who wishes further informationo 

1 This is best done by a noise generator unless the antenna 
noise is much greater than the receiver noise., 
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The binomial array was first brought to the attention of 

the author in a QST article by Warren M. Andrews.2 The article 

gave dimensions for a three-element end-fire array on IL~ me. 

It was decided at first to just scale down the antenna and use 

it for 1Ll-4 me •. , but theoretically this is incorrect. 

The essentials of the array are as shown in Figure 1. 

Figure 1 

The current ratios are 

2I1 = I2 = 213 

Direction of 
Propagation 

The elements are half-wave length and are spaced a quarter-wave 

length apart. The current in element l leads that of the center 

element by 90°, and the current in element 3 lags that of the 

center element by 90°, since the array is fed at the center ele-

· ment. Elements 1 and 3 are three-ele~ent folded-dipoles, while 

the center is a two-element dipoleo 

Theory of the Binomial Array 

Research on the theory of antennas disclosed the interest

ing fact that the mutual impedance between the elements cause 

a considerable change in the input impedance of the elements. 

In a recent article by Ronold King3 it is stated that if 

2 Reference 1. 

3 Reference 13 



the center-driven antenna length is near a half-wave length, 

then the array may be analyzed in terms of the· self-impedance of 

isolated antennas and mutual impedances of two isolated coupled 

antennas and that the error will be negligible. Using this as 

the basis for comput~tions the input impedances of the different 

elements may be found. 

The voltage at the terminals of element 1 is 

since 

12 2 
I1 = J = -j2 

~-.::l-I1 - j - -1 

then 

Z10 = Zll - j 2Zl2 - Z13· 

From Reference 15, page 266, the value for the self- and 

mutual impedances can be found. 

Since the antenna is cut to a half-wave physical length there 

results, 

z11 = 70 + jO Z21 = 38 - j38 Z31 = -13 j26 

Z12 ::::: 38 j38 Z22 = 70 Z32 = 38 j38 

!t13 -13 j26 Z23 
·, 

38 j38 = = - Z.33 = .70 

therefore 

z10 = 7 .. j50 ohms. 

Element 2 can be represented as, 

Zeo = 70 ohms. 



For element 3 there results, 

V30 = I1Z31+ I2Z32 + I3Z33 

Z30 = -Z31 + j 2232 + Z33 

Z30 = 159 + jl02 

Therefore the input impedance in elements 1 and 3 is very much 

different from that of an isolated dipole but remains the same 

for element 2. 

Z10 - 7 - j50 ohms 

Z20 = 70 ohms 

Z30 = 159 + jl02 ohms 

6 

These are the impedances thatwill appear at the input to the 

elements if the current distributions are as as'sumed. For cor-

rect loading the phasing lines must be used for impedance match-

ing. 

Impedance of Phasing Lines .. 
"' 

The input impedance of element 1 as a three-element folded 

dipole is 

Z1 = 9Z10 = 63 ohms. 

The input impedance of element 2 as a two-element folded dipole 

is 

z2 = 4Z20 = 280 ohms. 

The input impedance of element 3 as-a two-element folded dipole 

is 

Z3 = 4Z30 = 636 ohms. 

The power consumed in the elements are 

P1 = IfR1 = 4I~Rl = I~(252) 
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P2 = I~(300) 

P3 :,;: I~(2540) 
Since the antenna is fed at the input of the center element, 

the phasing elements must transform the impedances so that they 

will give the correct currents from the same voltage source, and 

where R11, R22, and R33 are the transformed 

Solving these equations for the transformed 

that 

The 

R11 = 31L~ ohms 

R33 = 30,9 ohms. 

characteristic impedances of the l:i.nes 

Z12 = ( 63) ( 314) = 141 ohms 

Z23 = ( 636) (30. 9) = lL~o ohms. 

impedances. 

impedances it follows 

w:tll then be 

The characteristic impedance of the line in terms of its physical 

dimensions is 

where D is the distance between the centers and 
: 

d is the diameter of the conductoro 

Solving for D there results er 
]j a= Zo 

cosh ~ = l.89 

If #8 wire is used dis 01285 inches in diameter and the conduc-
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tors should be spaced about one-fourth inch apart. Twin-lead 

can not be used for the transmission lines between the elements 

because the velocity of propagation in the:line is not the same 

as in free space and would cause incorrect phasing. The open 

wire line does not quite do this, but it is so close that the 

out-of-phase effect is negligibleo 

Folded Dipole4 

Since the folded dipole is used in the antenna, a short 

discussion of this subject is in order. Any folded dipole has 

a higher impedance at the input terminals than a simple dipole 

employed at the same place in any antenna or antenna arrayo This 

property of impedance transformation has led to the increased 

use of folded dipoles, especially at very high frequencieso 

The folded dipole may be considered as two series-connected 

stub transmission ~ines, a quarter-wave in length, shorted at 

one end. This is the transm:i.ssion line mode of the antenna, 

which radiates only a negligible a.mount of energy, and aids in 

increasing the bandwidth. At the resonant frequency the dipole 

resistance is in parallel with the input impedance of the trans

mission line, which is usually a. res:l.stance of very high value. 

Below resonance the antenna impedance becomes capacitive, but 

the transmission line impedance becomes inductive and the paral

lel combination tends to remain nearer unity power factor ~hap 

does the antenna aloneo Conversely, above resonance the ahperi.na 

b~comes inductive and the line impedance becomes capacitive so 

4 Reference 4; Reference 12, pp 53L~; Reference 10; Refer
ence 14, PP• 224; Reference 15, PPo 415; Reference 250 
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that compensation is again obtainedo At single points above and 

bel?w the resonant frequency perfect susceptance compensation is 

obtained so that there are three points of pure resistance input. 

It follows that the input resistance at the stub-matched or anti

resonant points will be considerably higher than at the resonant 

frequency .. 

At resonance the effect of the transmission line mode may 

be neglected and the antenna or in-phase currents only need be 

considered. Assuming that the radiation from a folded dipole 

at the same place., it is possible to compute the transformation 

ratio., and consequently the impedance., at the feeding point if 

the ratio of currents in the elements of the folded dipole is 

known. The current at the feed point is designated as I1, and 

the current at the center of the auxiliary element as I20 In 

any array in which the fed element is a. s:tmple dipole., let the 

input resistance at the feed point be R0 • When the simple dipole 

is replaced by a folded dipole, let the new resistance be R1 o 

Then., with the assumption ·of equal radiation there results 

IIR1 =· (It + I2) 2Roo 

The folded dipole., therefore, gives the resistance transformation 

ratio., u, as 

R1 !g 1)2 = (n + 1) 2 u - rt= (I1 + 
0 

where n is the 
. I2 

current ratio Iio 

For a two-element folded-dipole the current ratio is5 

5 Reference 10., 



Logs 
n = ___ a=1 ..... 

Log~ 
a2 

10 

wheres is the distance between the centers of the elements 

and a is the radius of the elements. 

The impedance ratio is 

provided 

u = (Log ~)2 
\~og -1l-

a2 

!:g < 1 and 2!.. ~ 2.~ 
a1 al :;; 

Conclusions 

To most critical readers this treatment of antennas is in-

adequate, but to cover the subject thoroughly it would require 

a prohibitive amount of space. The books by J. D. Kraus6 and 

E. c. Jordan7. cover ·the subject of antennas as well as any text 

available. E. Bo Moullin,8 in his book, gives an excellent slant 

on the British point of view. Antenna measurements procedure 

is covered in the books of J. D. Kraus and E. B. Moullino 

6 Reference 21. 

7 Reference 12 .. 

8 Reference 17. 



Introduction 

CHAPTER III 

NOISE FIGURES 

11 

To be useful, any receiver must be connected to a source of 

signals such a.s an antenna. Even if a receiver could be pro-

duced that had no internal sources of noise, noise would still 

be induced into the system from the antenna, and weak signals 

would ha.vs to compete with this noise. If the receiver does in

troduce additional noise, the signal must be correspondingly 

stronger. These concepts may be made quantitative by the use 

of the noise figure. 

The noise figural is not a measure of the excellence of the 

output signal-to-noise ratio, but merely a measure of the de

gradation suffered by the signal-to-noise ratio as the signal 

and noise pass through the network in question. If the input 

signal and noise are extremely la~ge compared to the amplifier 

noise, relatively little degradation is suffered, and the noise 
I 

figure is good. 

Friis2 defines the noise figure, F, of a network as the 
•. 

ratio o.t' the available slgna.1-to-noise ratio at the signal gen ... 

era.tor terminals to the available signal-to-noise ratio at its 

output terminals. To understand the meaning of this definition 

a few basic concepts will be defined. 

Available Power 

The most commonly used representation of an arbitrary eleo-

trical generator is a constant-voltage source in series with a 

l 

2 

Reference 8, P• 1208. 

Reference 7. 
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constant internal impedance. It is possible, by Thevenin's 

Theorem,3 to represent any linear network as shown in Figure~. 

Figure 2. 

The gene~ated voltage E00 is the open circuit voltage at the 

output terminals and Z0 is th; impedance of the network looking 
I . 

back from the terminals, with all generators replaced by imped

ances equal to their internal impedance. If Eoc and Z0 are 

knownj along with one of the following four quantities concern

ing the load, the other three may be computed: the impedance of 

the ~xternal load, the voltage across it, the current through 

it, and the power dissipated.in it. 

Friis4 defines the "available power" as the maximum power 

that the generator can deliver to the load. It ,Is independent 

of the load, by definition, and depends only on the character-

istics of the generator. The maximum power is obtained only 

when the load is matched to the generator, that is, when the 

load impedance, ZR, and the· internal generator impedance Z0 are 

eonjuga.tes.5 The maximmn power absorbed from the generator, 

that is the n available powern, is 
. E2· 

oe 
Pa=~ 

3 Reference 5, p. 47. 

4 Reference 7. 

5 Reference 5, p .. 49-50 .. 
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where R0 is the resistive component of the internal generator 

impedance Z0 • 

Another method of representing an electrical generator is, 

as suggested by Norton's Theorem,6 by an infinite-impedance 

constant-current generator, Isc, shunted by the inter:pal imped

ance, Z0 o The generated current, Isc, is the short-circuit cur

rent that would flow if the output terminals were short-cir-

eui ted,. The tt available power" is 

2 . 2 = Isc Ro_ Ise 
4 - 4Go 

where G0 is the conductive component of the internal genera

tor admittance, Yoo By definition, Y0 = ~Z1 o 
0 

Available Noise Power 

. Using the definition of n available power n, the "available 

noise power11 may be defined as the maximum power delivered to 

the load from the noise generator. As an example, the thermal 

noise of a resistor as a noise generator will be computed. It 

is. weli known that a resistor, R, at an absolute temperature, 

T, produces a noise voltage across its terminals. It is usually 

represented as a generator having an internal noise-free resis

tance and an open-circuit mean-squared voltage of 

E2 = lµTBR 

where k is Bolzmann's constant equal to 10380 x 10-23 

joules per degree Kelvin, 

Bis the small bandwidth over which Eis measured in 

6 Reference 5, Po 480 



cycles per second, 

Tis the room temperature in degrees Kelvin, and 

R is the resistance in ohms. 

The bandwidth appears in the equation because noise is not a 

single frequency phenomenon. The bandwidth is defined as 

B = GpdF 
dGpo 

where Gp is the actual power gain delivered to the indicating 

device divided by the available power of the signal 

source and 

Gpo is the maximum value of Gpo This definition is 

equivalent to replacing the power-frequency curve by a rectangu-

lar curve having the same area under it and a maximum value of 

Gpo• For all practical purposes, Bis very nearly equal to the 

bandwidth between the half power points, except the pass-band 

of a single tuned circuit which is~ or lo57 times the half-
2 

power bandwidth. The available noise power is then 

hl __ E6c _ 4kTBRo _ kTB 
lV ~ - ·f.b - o 

o . 4-11.0 

This is the noise power delivered by the resistor to a noise-

free resistor of equal resistanceo It is not necessarily the 

actual noise power dissipated in either of two resistors of 

equal resistance connected in parallelo 

Available Gain -· 
The II available gain'' is defined as the ratio of '' available 

output powertt from the network to the "available signal power" 

from the generatoro Let it be assumed that the generator is 

connected to a network and the network is connected to a loado 
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The generator will deliver power to the network and the network 

will deliver power to the load. With the load disconnected, 

the output terminals of the network displays an internal imped

ance. If the external load matches this impedance, the power 

delivered to the external load is the "available output power" 

of the network. The "available output power", therefore., will 

be independent of the load, but B.9! i~deEendent of the way in 

which the signal generator is coupled to the network. 

The available gain of· a cascade of networks may now be 

computed. Given a cascade of networks fed by a signal generator, 

the available gain, G1, of the first network is measured by open

ing the cascade between netw·orks l and 2. The available gain of 

network 2 can be measured by opening the cascade between net

work land 2, and 2 and 31 and by employing a signal generator 

of' internal impedance ~qual to the impedance seen looking into 

the output of network 1 when the original signal generator is 

still connected. This gain .can be called G2. This process 

should be carried out for each network in turn. The total 

gain is ·the product of th~ "available gains 11 , and there results 

G1G2G~,.,Gn = (~ ~~) (~)•••••(!~-~ 
where Sn is the av.ailable output P?Wer of the gth network, 

when measured as above, and Sg is the available generator power~ 

Simplifying there results, 
Sn 

G1G2G3 ••• Gn = Sg 

This result is valid.only when the ·"available gain" of each 

el~ment is measured with a signal generator whose internal imped-



anee is the impedance of the entire network preceding the ele-

ment under measurement. 

Calculation of Available~ 

For future use the '' available gain" of a signal genera tor 

with a resistor in series should be comput'~d .. The "available 

power output" may be computed by the use of Thevenin's Theorem 

as indicated in Figure 3. 

Figure 3. 
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If the open-circuit output voltage is taken as E, and the output 

impedance is taken as Rl + Ro, the maximum power output then 

will be 

E8c E2 
Sn= IiJf;;' = 4(R1+Ro) 

The "available signal power" from the genera tor· alone is 

. 2 
S - E 

g - J+R: 
. 0 

and by definition the "available gain:" is 

4-Ro 
In a similar way the navailable gain" of a signal generator 

with a resistor in parallel may be computed,.from the circuit 

shown in Figure 4. 



E 

Figure 4-o 
It is evident that the open-circuit voltage will be 

ER2 
Eoc = R R o+ 2 

and the output impedance will be 

RoR2 
= =---=--Ro+ R 2 Zout 

and hence the maximum power output becomes 

. 2 
Eoc 

Sn= 4Rout = 4-

2 

The "available signal power" from the geperator will be 

becomes 

17 

The ideal transformer as shown in Figure 5, will be consid-

ered next. Since it has no dissipation, there should be no 

change in the "available gain" • 

OQC 
Figure 5 
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If the transformation ratio is~' the output open-circuit voltage 

will be aE, and the output impedance becomes a2Ro. The "avail

able power output" then will be, 

2 a2E2 - E2 Sn= 
Eoc 
4Rout = 4a2Ro -~ 

while the "available signal output" 

and hence the "available gain" is 

G - Sn· -
- 'S";; -g 

E2 
4Ro. ~i 
E2 

~ 
, 

' 
is 

From this result it is evident that the "available gain" for a 

nondissipative, passive network is always unity. 

Now if the concept of "availiable gainu is expanded to in

clude ae.tive network, it will be necessary to consider an ampli

fier driven by a generator with a resistor; R,3,, across its input 

·· terminals, as shown in Figure 6. 

A R+-<--

Figure 60 

The amplifie~ has an infinite input impedance and an open-cir

eui t voltage gain of A'. The output impedance, RI+., is assumed to 

be independent of the impedances connected to the input. 
i> 



The II available output power" becomes, 

and the "available signal power11 will then be, 

(1•ER3 )2 
Sn 

R3+Ro 
R A2 

sg 4-R4 0 R3 = Sg = = R3+R4 E2 R4 
4R4 

The f'oregoing derivations of' "available gain'' can be used 

in conjuction with the cascade-network theorem in the previous 

section to f'ind the "available gain" of' any network. Seriqus 

errors will result if the proper procedure is not used in com

puting the "available gain" of an element in the cascaded net-

work. 

N.oise Figures 

Sufficient background has now been presented to discuss 

intelligently the concept of noise figures. The first case to 

be considered will be that of an ideal amplifier, that is, an 

amplifier which is noise free and has effectively an infinite 

input impedance., The gain of the ideal amplifier is made suf

ficiently large so that the amplified noise from the signal

generator source is very much larger than the noise generated 

in any resistive load connected to the output terminals. A 

bandwidth, B, is assumed and all impedances involved will be 

19 

real at the frequencies w:Lthin the bandwidth., This assembly is 

shown in Figure 7. 
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Ro Rs 

Figure 7. 

From the previ'ous material,· it is evident that the 11 avail

able signal power" will be 

E2 
Sg = ~ , 

and that "available . output power'' due to the signal is 

The '' available gain'' .. then becomes, 

E2A 

G s ~ A2Ro = ....a = = -irg:-Sg A2 
IjB;; 

It is c1:1sto'mary to consider the noise generator, connecte~ 

to the input of an amplifier, as a resistor equal to the resis-

tance of the source, for example, the radiation resistance of 

an antenna. The "available output-noise power" can be obtained 

by extending the previous analysiso If the source voltage is 

E2 = ~kTBR0 , 

the "available noise output power" becomes 

N = 4kTBRoA2 ::: kTB (itoA2~ 

4R5 ~ R5;) . 
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But since G it follows that N = GkTB. 

By definition the "available signal-output power" is, 

Sn = GSg, 

and by comparing the last two equations it may be concluded that 

the II available noise powe1"1t from the generator is kTB, which was 

previously demonstrated by another method., 

From the definition of the noise figure as stated in the 

first section, it may be written symbolically as 

~ s 
F = kTB 

k~B 
N N 

Sn = ~ = GkTB n 
"tr· 

This equation affords a method of computing noise figureso 

Solving for N, the expression for the "available noise-output 

power", in terms of the noise figure,, gain, and available noise-

input power there-·resul ts 

N = FGkTB., 

The question that immediately arises ls the relative con

tributions of the signal generator and the noise from the net

work to the "available noise output", Since the 11 available 

noise power11 from the generator is kTB, the "available noise 

output powert1 from the genera.tor is GkTB. It follows.? therefore, 

that the contribution from the network itself is (F-l)GkTBo 
"" 

This separation of the "available noise-output power11 into 

two parts provides a method by which an expression for the noise 

figure of a ca.sea.de network may be written in terms of the 

noise figure of the individual networks., This becomes, 

0 O 0 
(Fn-1) · 
G1G2., o oGn 



where Gn denotes the 11 available gain11 of the nth networko 

Usually in a receiver employing several stages it is seldom. 

necessary to consider the noise figure of more than the first 

two stages unless the ttavailable gain" of tb.e first stage or 

stages is a loss. The equation may then _be rewritten as 

where Fa is the noise figure of the rest of the stageso 

In this formula it was assumed that the bandwidths of 

each of the networks, were the same .. If this is not the case, 

there results 

where the subscripts have the same meaning as beforeo 

Sources of Noise 1n Tubes? 

The principal sources of noise in tubes ar~ 

1. Shot effect { tempera t'll!'e-limi ted emission) o 

2. Reduced shot effect. 

3. Flicker effect. 

4. Collision ionization. 

5. Random division of current between electrodes. 

60 Inducted noise at ultra-high frequencies., 

7. Faulty tube constructiono 

22 

1. Shot Effect. Shot effect is the noise associated with random 

emission in a. tube when the emission is temperature-limited,, 

Since most tubes are not operated so that their emission is not 

7 Reference 22, Po 3050 
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temperature limited, this noise is not serious even though it 

probably is the loudest. 

2. Reduced Shot Effect. Most tubes are operated under space

charge-limited conditions which has a very definite "smoothing" 

action upon shot effect, which is called nreduced shot effect''. · 

The smoothing action may be a result of the formation of a vir ... 

tual cathode in front of the emitting surface which has a poten

tial lower than that· of the emi t·ter by a value determined by the 

mean velocity of emission. Electrons with all velocities are 

storming this potential hill, and those with velocities greater 

than the mean velocity will on the ave:t>as;e get past the virtual 

cathode and go on to the plate. Occasionally there will come 

a group of electrons with a velocity slightly in excess of that 

needed to get past the virtual cathode.· When this occurs, the 

potential minimum at the vivtual cathode is momental"'ily depressed 

by the additional space charge and as a result a few electrons 

that normally would have gotten pa.st the potential minimum fail 

to do so and are returned to the emitter. This means that for 

every burst of electrons which might give rise to noise there is 
' a compensating cu1"rent set up in the opposite direction which 

tends to cancel the noise produced by the bursto The net result 

is an over-all reduction in noise that ls considerableo The 

resulting noise power is of the order of 10 perce~t of th.at 

encountered for the same current when the emission is tempera-

ture-limited. 

3. Flicker Effecto Flicker effect ls observed in oxide cathodes. 

This effect is.due to the variations in the activity of the emit-



ting surface and is much noisier than the true shot effect for 

temperature-limited emissiono rt, s magnitude is also greatly .. 

reduced when the emission is space-charge-limited. 

4. Colii.sion Ioniza.tiono l'loise in tubes due to gas molecules 

being ionized is small unless the positive ion gas current is 

more than a few hundredths of a microampere. When gas molecules 

are ionized by collision with emitte9- electrons, the positive 

ions formed subsequently liberate small bursts of electrons as 

they penetrate the virtural cathode in front of the emitting 

surface. Gas noise appears mostly below 10 me. 

5. Random Division of Current. Random division of current 

between electrodes contributes to the noise of multielement 

tubes and makes pentodes three to.five times as noisy as the 

same tube when connected'as a triode 0 

6. Induced Noise at !Jltra-High Frequencies .. The.ultra-high

frequency components of the random fluctuations of the space 

charge in a tube will :induce voltages in the grid circuit., 

which in turn will react back upon the space-charge flow. This 

effect is only important for .frequency components, above )0 mco 

7. Faulty Tube Construction. Noise due to faulty tube constru

tion is always present to a degree. If the filament is inductive 

a hum will result. Poor insulation, mechanical vibration and 

dirt on the glass inside of a tube are some of the other noise 

components that may be minimized by careful construction of 

tubeso 

Equ:tvalent Circuit_of !!! Amplifier 

The equivalent circuit of an amplifier may be represented 
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as shown in Figure 8, 

I I 

R._ + '"'f' 
a Ys 
oJs 

Figure 8. 

where 

gs is the ,,tr ans formed source conductance, 

Ys ls the transformed source suscepta.nce, 

gg is the conductance.· due to passive tube loading and 

circuit losses, 

Yg is the susceptance due to intereleotrode and circuit 

capacitance, 

rp is the tube plate resistance, 

R1 is the load resistance, and 

ge is the conductance due to electronic or transit

ti:tne loading~ 

To simplify the analysis it will be assumed that the effects 

of the vax-ious tube and circuit capacitances are eliminated by 1. 

resonance methodso The noise sources associated with RL ar.e 

considered as part of the second stage, and, although the tube 

shown is a triode, it can also be a tetrode or p~ntode, provided 

all electrodes other than the control grid and plate are by

passed to ground over the frequency range to be amplified ... It 

is common practice in noise-factor analysis to replace the actual 

tube with plate-circuit noise current, ip, by a fictitious noise

less tube' having in series with its grid lead a noise voltage 
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Eeq = i£ 
gm 

which, when amplified by the tube, produces in the plate circuit 

the noise current, ip• It is then possible to define a purely 

fictitious resistance, Req, according to the relation 

where Req is the equivalent noise resistanceo The equivalent 

tube noise resistance is, therefore, defined as that resistance 

which, if piaced between grid and cathode of a noise-free tube, 

would produce in the plate current a noise current equal to 

that which the actual "noisy tube'' produces with its grid shorted 

to ground. It is also assumed that the cathode lead inductance 

ean be considered to be zero or tuned out by a suitable series 

capacitor. 

The following equations may be used in order to det·ermine 

the approximate values of Req: 

for triode amplifiers, 

Req :,;:; 2o5/gm 

and for pentode amplifiers, 

2_o$ + _2~~c2 ,. 
gm 

m 
The s ta.tis tioally-independent constant- current thermal- · .. 

noise generators may be defined in terms of a mean-squared ther

mal-agitation-noise currento When the transformed source noise 

current :ts 



then the noise current due to passive tube loading and circuit 

losses becomes 

~ = 2kTBgg, ng 

27 

and the current due to the electronic or transit-time loading is 

ifie = L.1.kTBge o 

For tubes with oxide-coated cathodes and space-charge

limited emission the ratio of Tb is approximately 5.,8,9 
Ta 

Further simplification may be had by combining the tube loading 

due to cathode-lead inductance feedback, the loading due to 

losses in the input circuit, and the transit-time loading all 

into a shunt conductance 1...o The lead inductance can be con
RO' 

0 

sidered to be zero or tuned out by a suitabie series capacitor, 

for it has been shownlO that if this were not the case the 

resulting input loading would have onlr second-order effects 

on the amplifier noise factor, since it degenerates tube noise 

as well as input noiseo It has been found that cathode-lead-

inductance loading does affect the band-widtho 

Since even the summary of the properties of the three types 

of tride input circuits, grounded cathode, grounded grid, and 

grounded plate, will be quite large, reference is here made to 

Reference. 9, chapter 13 or Reference 10., chapter L1... Some ap,-

proximate equivalent noise resistances are given in Table Io 

These are based on the normal values of the transconductance and 

8 Reference 3., 

9 Reference 18 .. 
10 Reference 8. 
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plate and screen currents given in the RCA Tube Handbook. Aver

age values of input and output capacitances., which are valid 

for the case when the tube has its cathode grounded; are given; 

these values do not include socket or wiring capacitance .• · Al~ 

thougq the agreement on the value of equivalent noise resistance 

between theory and experiment is quite good for some types of 

tubes., such as the 6AK5., it is much less satisfactory for others. 

The reasons for this discrepancy is not yet fuliy understood but 

it is believed _that the gold plated grid of the 6AK5., with its 

low emission., may be responsible for its lower noise .. In Table 

II a comparison of the various single-triode input circuits is 

given. 

n·ouble-'l'riode Input Circui tsil 

The ideal triode input circuit should have a number of 

necessary characteristics. 

1. All the improvement in input stage noise figure over the 

pentode that.is theoretically.possible. 

2. The contribution of second and later stages to the.noise 

figure no greater than with pentode input stages of the same 

band width. 

3. A circuit that is stable and no more cr:itical in adjustment 

than with pentode s·tages of the same bandwidth. 

Of the nine· possible combinations with two triode tubes 

only one meets the above requiremerits. This is the combination 

of a grounde~ cathode followed by a grounded grid. 

11 Reference 24., p. 656. 
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Grounded-Cathode-Triode-Grounded-Gr!.9,-Triode Input Configuration 

P.levtra /1 'Li 11.J 
Co,/·~ 

'J:j 
+ 
je 

Figure 9 

When a grounded-grid stage succeeds the grounded-cathode 

~tage a very large conductance is presented to the plate of the 

first triode so that it is quite stableo The bandwidth of ibs 

interstage coupling will be very large s'o that there :1.s no need 

to add additional damping even in the most extreme cases., The 

output conductance of the first tube is of the same order of 

magnitude as the optimum source conductance for the second tube, 

so that the full available power gain of the grounded-cathode 

triode is utiiizedo 

The exact expression for the noise figure of first two 

stages combined isl2 

F = 1 + ggl -h,(:lgel + (f!s +ggl+oelgel) 2 + YI_ 
gs gs 

12 Reference 9, Po 6570 
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where gg is the parallel combination of the network and ohmic 

losses in the tube, 

ge is the conductance electronic or transit-time loading, 

gs is the transformed sourc€ conductance, 

is the ratio!! (conversion of a noise source to the 
T 

standard temperature T); it is approximately 5 if the 

transit angle is less than one radian, 

Req is the mutual conductance of the tube, 

· rp is the plate resistance of the tube, and 

Y is the input susceptanceo 

Usually ~~2 >> gg1 + gel' therefore, the shot noise contri

buted by the second stage is 1- that of the shot noise of the 

µf 
first tubeo The term y~ will be small unless the frequency is 

gn 

greatly different than the midband. If ~>> I, the contribu
gml 

tion of the second stage thermal noise is negligible in compari-

son to the first ·tube. 

The first tube and its operating conditions should be care

fully chosen. The choice of the second tube depends very little 

on its equivalent resistance and it is usually made solely on 

its l<?w cathode-plate capacity. If Cpk is iarge, neutralization 

is necessary; although it :i.s usually quite uncriticalo The 

second stage should have a fairly high transconductance because 
' the stability of the first stage depends upon the heavy load in 

its plate circuit. 

There are several types of input coupling networks that can 

be used to obtain the required bandwidth. A good discussion of' 

these will be found in Reference 24, pp. 682-69L~o 



Table I -- Equivalent Noise Resistances of Receiving Tubesl2 

Tube gm, umhos Req, ohms Gin, m:mf Gout, mrn.f 

Triode am12lifiers 

6AC7 11,250 220 11.0 4.0 
6AK5 6,670 385 4.0 2.0 
6c4 2,200 1,140· 1.8 1.3 
6F4 5,800 430 2.0 o.6 
6J4 12,000 210 2.8 0.2 
6J5 2,600 960 3·.4 3~6 
6J~'i- 5,300 470 2.2 0.4 
6SC7",} 1,325 1,860 2~2 0.3 
6SL7"'} 1,600 1,5 0 3.2 3.6 
6SN7{r 2,600 966 2.9 1.0 
7F8.,,~ 5,650 41-~o 2.8 1.4, 
9002 2,200 1,140 1.2 1.1 

Shar12 cutoff :eentodes 

1L4 1,025 4,300 3.6 7.5 
oAC7 9,000 720 11.0 5.0 
6AG5 5,000 1,640 6.5 1.8 
6AJ5 2,750 2,650 4.1 2.0 
6AK5 5,000 1,880 4.0 2.4 
6AS6 l,500 4,170 ~.o 3.0 
6SH7 ,600 2,s,o .5 7.0 
6SJ7 1, 50 5,8 0 6.o 7.0 
9001 1,400 6,600 3.6 3.0 

Remote cutoff 12entodes 

1T4 750 20,000 3.5 7.3 
6AB7 4,000 2,440 8.o 5.0 
6SG7 ,700 4,000 8.5 7.0 
6SK7 2,000 10,.500 6.o 7.0 
9003 1,800 13,000 3.4 3.0 

.,,. One unit of a dual triode tube. 

12 Reproduced from Reference 24, p. 636. 
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Table II -- Comparison of Various Single-Triode Input Circuits13 

Input tube Advantages D,isadvanta.ges 

Grounded cathode 

Grounded plate 

1. 

2. 

Highest available 1. 
powe1" gain., hence 
maximum possible 
reduction of 2nd
stage noise. 

Output conductance 
1/rp of . s mne order 
of magnitude as 
optimum source con
ductance of second 
stage. 

3. Equivalent loss con
ductance equal to 
that of grounded 
plate. 

4. Highest voltage gain. 

1. High output con- lo 
ductanpe; hence 
easy to get wide
band interstage 
coupling .. 

2. Induced grid noise 
cont~ibution 2~ 
sl'ightly less than 
in alternative con
figurations. 

3. Bandwidth of input 
circuit greater than 
in grounded-cathode 
case because 6:f 3. 
lower input capac
ity. 

13 Reproduced from Reference 24., P• 652. 

Tendency to in-
s tab ili ty with 
large voltage 
gain, but easier 
to neutralize and 
more stable with 
small voltage 
gaint:han ground
ed plate., 

Variation of 
grid-cathode ca-
pacity with grid 
bias makes neu
tralization dif
ficult. 

Tendency to .in
stability., par
ticularly with 
small GL., even 
if.grid-cathode 
capacity is 
resonated out. 

Available power 
gain much lower 
than in grounded 
cathode case. 



Table II, Contd. 

Grounded grid 
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lo High stability due 1. 
to cathode feedback 

Low available 
power gaino 

and low plate.; 
cathorle capacity. 2. Critical depend

ence of- first
stage noise fig
ure on output. · 
circuit loss. 

2 •. Large input con
ductance giving 
wide transfer band
pass characteristics 
for input network. 3o Greatest equiva

lent loss con
ductance .. 

4o Low output con
ductance9 which 
combined with 
point l means. 
second-stage 
noise contribu
tion impo1"tance. 
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CHAPTER IV 

MEASUREMENT OF NOISE FIGURE 

Noise-figure measurements give a simple and effective way 
·-·- .. - - -. . 
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of che~king the ability of an amplifier to detect weak signals. 

The method of making the measurements is very simple and can be 

carried out very quickly and precisely if the proper equipment 

· is available. 

Diodes operating with temperature-limited e,mission may be 

used as a standard source of noise. Such diode~ should., prefer-
. . . 

ably, have either a tungsten or a thoriated tungsten filament 

because it is difficult to keep the emitted current from an ox""' 

:ide-emi tting surface eons tant under temperature-limited condi- , 

tions of emission. fhe noise is due to shot effect. With pro

per-design the dioo.e can be used as an absolute standard up to 

· a.bout 300 riic. Silicon crystals of the type used for rectifiers 

and mixers generate considerable noise when direct currents are 

passed through them in the it'reverse" direction. 
.. . 

Temperature-Limited Diodes as Noise· Generators 

A. temperature-limited diode, that is, one whose plate voltage 

is high enough ·to saturate the plate current, acts like a genera-:

tor of noise current due t'o "shot effect".. The root-mean'...squared 

current, T2 
J.n' is given by 

where 

T2 J_ = 2eIB 
n 

e is the charge of the electron = 1.60 X 10-19 coulomb, 

I is the direct current through the diode·: in amperes, an_d 

Bis the bandwidth of the device being used to observe 
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the noiseo It must be remembered that the above equation does 

not hold for oxide-coated cathodes because of ''flicker eft'ect". 

High-Impedance Noise Generator 

A simple noise generator, as shoJn in Figure 10, consists of 

a diode connected in parallel with a resistor, Ra9 equal to the 

resistive component of the signal-source impedance and a reac

tanee simulating the parallel reactance of the signal source. 

The plate voltage is made high enough to saturate the diode for 

al.1 cathode temperatures used. Means are provided for varying 

the cathode temperature and for reading the average or d-c diode 

current, Ia• 

A,-,,p I, .f,er 

The noise figure is measured by first observing the indica

tion of the output meter with the dd.ode filament circuit open. 

Under these conditions the noise output is the equivalent of that 

produced by the network and the sourde. If the meter does·not 

·match the network., it will not read the actual '' available output 

noise power" but a quantity proportional to it .. Whether the 

output is matched or not does not make any difference to .the 

noise figure. This is obvious from the equation for the noise 

figure, 
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If the value 2880K.is chosen for T, and if Ia is in amperes and 

Ra in ohms, the noise figure becomes 

This equation is a very important one, for it gives the noise 

figure in terms of two easily measurable quantities, Ia and Rao 

This noise generator is very useful provided that:l (1) the 

noise generator can be connected in place of the signal source 

with very short leads and (2) the parallel reactance of the noise 

generator can be made entirely equiv~lent to that of the signal 

source over the entire range of frequencies under consideration. 

There is always some capaclty across the d:i.odeo If it is smaller 

than the required capacity a padding condenser may be addedo 

In a large percentage of the cases the desired reactance is that 

of a capacitor smaller than the distributed diode capcitye 

It ls possible, but not too satisfactory, to resonate out the 

desired capacity by an inductance. These difficulties can be 

largely avoided by the use of a 11 low-lmpedance 11 or ".matched 

line" noise generator. 

Matched-Line Diode Noise Generator2 

As shown in Figure 11 this generator consists of a noise 

diode feeding a lossless line of characteristic impedance, R0 , 

with a termination at the generator end and a matching network 

1 Reference 24, p. 7020 

2 Reference 24, P• 702. 
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consisting of Rl, R2,· and X selected; so that the. internal imped

ance of the entire device equals that of the signal source~ 

C L 

-Figure 11. 

C is the distributed ··capacity of the diode., and L resonates 

with Cat the band-center of the amplifier to be tested. Inas-
,1 

much as Ro is a resistor of low value., the bandwidth is large 

compared to usual amplifier bandwidths. Since the line is 

terminated in its characteristic impedance at the generator end., 

the calibration is then independent of its length. 

Measuring Req of ,:: ~ 3 

The measurement of Req can be.accomplished by associating 

the tube with an amplifier and power-output meter. With the 

grid shorted, a certain noise output will be obtained. Resis

tance may now be introduced into the grid circuit until the 

.power output doubles, care being taken not to disturb bandwidth 

relations. If the noise in the amplifier following the tube is 

ignored., the resistance which doubles the output noise power 

. is t~e _Req for the tube_'operating under the conditions of the 

experiment. It is also assumed that no additional noise power 

other than thermal will be induced into the resistor because of 

conditions .in the grid circuit of the tube. 

Another method involves the substitution of a resistor for 

3 Reference 8. 
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the noise behavior of the tube at its plate., The equivalent 

resistance, R8 q, for the grid side of' the tube may be obtained 

from the resistance Reqp, which gives the same noise as the'tube 

with the, grid grounded, by the use o"f the following expression, 

where R0 is the interstage or coupling resistance between the 

tube and the following grid circuit, which is not removed in 

deter~ining Reqp, and.A is the amplification factor of the tube., 

Construction of Noise Generators 
~~~~~~- -- ~~- -~~~~~ 

The construction of noise generators is not difficult., 

The generator should be completely shielded with its.power leads 

filtered to prevent pickup of extraneous signals, especially 

from the output stage. Since the diodes are operated under 

temperature-limited conditions, the plate-supply voltage need 

not have good regulation., 

Under temperature-limited conditions, the plate current 

varies very rapidly with filament voltage. If the filament is 

operated from the a-c power mains it is necessary to provide 

a constant-voltage'regulator., 

If batterit::18 are used to heat the filament,then two rheo

stats should be used to control the filament voltage, one for 

rough control and the other f'or f'ine control., Sturdy construe-

tion of the filament circuit is important and, if a-c is employed 

on the filaments, the control switches and rheostats should be 

placed in the primary of the filament transformerc 
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Noise Power Measuring Devices 

Normally output indicators· present very little difficulty, 

and a vacuum-tube voltmeter or cathode-ray oscilloscope can 

be used with only ordinary precautions. The choice or an out

put measuring device depends upon whether or not 'accuracy can be 

_sacririced for simplicity. 

Attenuator ~ ~ Amplifier4 

The,attenuator and post amplirier combination shown ~n 

Figure 13, is the most accurate method or comparing amplir:ter 

outputs. Although it is mo~e complex than the other schemes 

described here., i_t is very rugged and can be operated succ~'ss

full.y by relatively untrained personnel. 

Ampl1 ,e..
Ut1der 
Test 

Post 
A-mf J,1-tel"'. 

Figure 13. 

oiade 
· de-1-ec -I-or 

The procedure consists of first to observing the output 

reading with the attenuator out and the noise generator orf. 

Then the attentuator is switched on and the ri.oise generator ad-

!r Reference 24, P• 709. 

I 



justed to give the same reading on the output meter as before. 

If the attenuator has a power ratio ·of 2·, the available power 

of the noise generator is that which is required ta double the 

amplifier output powel". No ha.rm will be caused by overloading. 

the post amplifier because it operates at'constant-signal level. 

The post amplifier should have the same center frequency as 

the amplifier under best and a bandwidth somewhat greatero. It 

should be very well shielded and operated from its own power 

.~upply to prevent a:r.i.y feedback to the amplifier under testo It 

:ts convenient to gang the attenuator switch to the noise genera ... 

tor plate supplyo However the two switches should be well iso

rated to prevent direct coupling from the noise genera.tor to 

the post amplifier. The detector is a common diode receiver 

tube connected in the conventional manner.5 A meter indicating 

1 ma. full scale in series with the diode-load resistor is a.de-
-

qu.ate for i;nost measurements. However the overall sensitivity 

ean be increased by using a meter of 30 to 100 m:tcrpamperes full 

.scale. A dry cell and a variable resistanc~ connected in series 

should be placed· across the meter· to bu'ck-out the n dark" current 

·or the diode. 

The attenuator and its immediate circuits, as shown in 

Figure 14, are designed with these objectives: (1) to make the 

calibration independent of the condition of impedance· mismatch a.t 

the output of the amplifier and ( 2) to have a value· of p·ower 

attenuation as ne·ar 2 as possibleo 

5 Reference 26, chapter 7 and reference 24, p .. 713. 
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Figure 1~. 

If the characteristic impedance 'of the cable is other than 75 
ohms, the values Of the resistors ,are to be multipiied by the 

ratio of the characteristic impedance to 75ohms .. The 1/2-watt 

resistors for the attenuator are selected by a'Wheatstone Bridge 

to be within 2 percent of the indicated values.6 

The terminating resistor., R, and the inductance;- L9 wn:Ifoh 

is selected to resonate~with the input.capacity of the tube, are 

designed so that the same impedance, at the center frequency of 

~he amplifier, is measured across the pins at P3 with both 

positions of the attenuator switch. If this condition is met, 

the calibration of the attenuator is independent ~f the impedance 

· presented_ by the cable. The plug, P1 , fits into the tube socket 

of the amplifier, which is assumed to have single-tri:ned circuits, 

and is in parallel with the load of the tube previous to the 

tube di~placed by the plug. The low impedance presented to the 

loa9: ~y the plug causes the bandwidth of this circuit' to be large. 

An alternative procedure is to omit the resistor in the plug, ·P1 ., 

6 If none are available, a portion of a resistor of lower 
value may be filed away and the filed place covered with a coat 
of lacquer. 



by inserting between P2 and P3 a T- or pi-attenuator pad having 

a 75 ohm characteristic impedance and at least a 10 db attenua

tion. If the power ratio.is not 2 then there should be applied 

a correction 

where Wn :. is the true available power., 

W1 is the measured available power., and 

a is the power ratio or the attenuator. 

t l'ttenu~t?r Calibrat;oil ~ Means of !, Noise Generator 

An attenuator may be calibrated with a noise generator with 

extreme precision using only the power measuring device to in-

dlcate that the power ha~ not changed. 

First., a direct current I1 is passed through the noise _ 
~ 

generator so that the noise-output power-of the amplifier with 

the current !2 flowing and the attenuator out and the-noise gen

erator-off. If W1.is the available noise generator power cor

responding to I1, then 

Wn+W1 = ·awn. 

Next the noise-generator current is adjusted to a value I2 such 

that with I2 flowing and the attenuatot in; the noise output 

power of the amplifier 1s the same as with the attenuator cut 

out and the current r 1 flowing. If W2 is the available noise

generator power corresponding to I2, then 

Wn+W2 = a(Wn+W1) o 

Subtracting.the last two equations gives 

_ IJ'li2-Wl o 
a=: w1 



Since W1 and W2 are proportional to I1 and I2, with the same 

proportionality constant., then 

The precision with which the direct currents can be measured 

determines the a~cur~cr __ of a. 

Noise F;_gure Measurement vvi th Gain~_C6:ntrol 

A :_method clev~1o:ped by M .. C • Waltz? allows field measurements 

to be ma~e q,ui~kly and with fair accuracy. The method requires 

a n9ise generator and an output meter.,. us_ually a d-c voltmeter 

connected across the detector load resistor. The amplifier 

must also have a gain control. 

First., the deflection of the meter is noted with no rioise

~enerato! current. Then an arbitrary current I1 is passed 

through the generator and the output met~r read.a second time • 
. . . 

Second., with the current Ii f'lowing., the amplifier gain contt>ol 

is set so that the outp~t meter retUl'.'ns to its first reading. 

Finally, the noise· generator current is raised to a value I2 

so that the output current read~ the second reading. If W1 and 

w2 correspond., respe'.ctiveiy, to·r1 and r2 then, 

W2+Wn W1+Wn 
W1+Wn = Wn 

Solving .for Wn, 

7 Reference 24., P• 714. 

. i 



and there results, 

Wn 
F = kTB = 

For a given temperature-limited diode noise generator the 

• W1 d W2 ratio kTB an kTB have the form MI 1 ,. and MI 2 where 

M = 20Ra 

for a high-impedance noise generator, and where 

H5 

for a matched-line noise generator at T = 290°Ko 

Therefore the noise figure becomes, 

Some error is usually found due to the denominator being small 
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CHAPTER V 

SUPERHETRODYNE RECEIVERS 

45 

The superhetrodyne method of radio reception is the most 

widely used system. A schematic diagram for a receiver of this 

type is shown in Figure 15. It overcomes the difficulty of 

obtaining adequate carrier frequency amplification and constant 

selectivity over a given.range. 

r--f 

amp. 

loco. I 
osc .. 

i-+ 

Figure 1.50 

a.-f' or : 
VI deo C/171 

Speaker-: 
QI- I 

ind,ca-foY 

For a given local-oscillator frequency, there are two 

possible radio frequencies that will combine to form the inter-

mediate frequency. To suppress one of these possible 1"-f chan-

nels it is customary to place in front of the mixer a r-.f 

amplifier tuned to the desired radio frequencyo The r-f ampli-

fier will also aid in eliminating most.of the reradiation o.f 
.. 

the local oscillator and increases the overall signal-to-noise 

ratio since the mixer has a high noise figure. The local oscil

lator wiil contribute some of the noise .. It should be noted 

that a r-f amplifier is not practical at microwave frequencies. 

The mixer,. by the hetrodyne process, changes the incoming 

signal with its modulation sidebands to a particular interme

diate frequency with similar modulation sidebands. Since most 



of the gain may be obtained in the fixed-frequency amplifier, 

the selectivity and gain of the receiver are essentially inde

pendent of the radio frequency .. The tuning control, with the 

feature of gang-tuning of local oscillator and r-f amplifier, is 

much simpler than that of the gang-tuned series r-f amplifierso 

For reception of VHF waves, the receiver gain is obtained much 

easier at a relatively low intermediate frequencyo 

The second detector is nearly always a diode detector 

. circuit and associated with it is the automatic gain control,agc, 

which controls the gain of the r-f and i-f amplifierso The audio 

or video circuits which follow, amplify the intelligence con-

tained in the carrier to a usable levelo 

R-F Amplifier 

Ther-f amplifier has been treated rather thoroughly in 

Chapter III and will not again be discussed here .. 

Mixer 

The mixer, with the aid of the local oscillator converts 

the incoming signal to a low fixed intermediate frequencyo 

Herold1 gives a simple method of obtaining the conversion con

ductanceo It should be noted that a mixer can be considered 

as a variable amplifier.2 

1 

2 

Reference 11 .. 

Reference 19 .. 

e..fo 
F.igure 16 .. 

. 
Lp. 
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As in Figure 16, a local oscillator voltage, e10 is applied 

to one pair of terminals and a very small signal voltage, es, 

is applied to another pair. The current flowing between the 

other two terminals is designated as ip• At any instant of time 

this current is a function of the local oscillator and signal 

voltages. Since the signal voltage is small the current is 

i(t) = i 0 (t) + ~ es(t) 
?es 

where i(t) is the total current at a given time, 

Since 

i 0 (t) is the current which would flow if es were zero, 

es(t) is the current increment due to the signal voltage. 

and since 

es= Es cos wt 

the equation may be rewritten as 

i(t) = i 0 (t) + gm(t)Es cos rot. 

Both terms are periodic with the local oscillator but i 0 (t) 

contains no terms that are influenced by the signal voltage, 

therefore it will contain no sum and difference terms. 

Since only the term gm(t)Es cos wt contains the signal 

·voltage, the other term may be dropped as· far as output signal 

is concerned,. therefore 

is= ~(t)Es cos wt. 

Since gm(t) is periodic, it can be expressed in terms of the 

Fourier series 
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where 

p = oscillator frequency .. 
. . . 

Due to symmetry the sine terms wili be absent .. After substitu~ 

t:i.on then resui t_s:, 

is= (ao + al cos pt+ a2 cos 2pt + a3 cos 3pt +oe6) 

Es cos CiY:t, 

is= E8 (a0 cos rot +111 cos (p +co)t·+ .!!l. cos (p - co)t + 
2 2 

a2 . z cos { 2p - a,.) t+ 00 .. ) 

For the usual mixer the output circuit is tuned to the differ-

ence-frequency, therefore 

i ( i-f) ~ . \ 1 Es c 6 s (p - ro,)t 

= Ea'~,, ~
2

: gm cos p tdt, 

and hence by definition, the conversion transconductance is 

Esm(t) cos npt 

and therefore 

If a·harmonie of the oscillator is used, there results 

\p-nu,) = ~sgcrl 0 

The Oscillator itself need not contain harmonics because the 
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harmonics are generated in t~e tube due to the nonlinearity of 

· The value of gen can be computed graphically by tb.e Fourier 

analysis of the signal-electrode-to-output-electrode conductance 

vs., the oscillator-electrode voltage,. By careful selection of 

\the operating point and amplitude of the oscillator voltage 

the spurious responses due to the harmonics of the oscillator 

frequency can_be kept to a minimumo This may be checked by 

the Fourier analysis of gem for the different harmonics of the 

oscillator voltage and by comparing them to the fundamental.,3 

If the cathode is not at ground potential, as in a 6SA7 

with a self-excited HartlE?y oscillator, the signal-grid-trans-

conductance curve must be taken with the cathode and oscillator-

grid potential varied simu1tane'ously and in their correct ratio 

as determined by the ratio of the cathode turns to the total 

turns of the coil ~hich is used., Since the conversion trans-

conductance is approximately proportional to the peak value of 

signal-grid transconductance, it is often sufficiently accurate 

to disregard the a-c variation of the cathode potentialo This 

can be done by s:tmply shifting the signal bias in the negative 

direction by the amount of the peak value of the alternating 

cathode voltage,; 
. . . 

1:.E Amplifier 

The i-f ampllf'.i..er operates at a fixed frequer1cy., The value 

3 Reference 211 
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depends on several factors.4 The advantages of a low interme-

diate frequency are 9 

lo for a given bandwidth the relative detuning caused by 

tube capacity variation is less; 

2o the optimum noise figure attainable with a given tube 

is lower; and 

3o the input loading and .Miller effect are lesso 

The advantages of a high intermediate frequency are, 

1 0 the image rejection is better; 

2o the tuning coils and bypass condensers are smaller; and 

3o a greater separation between intermediate frequencies 

and video frequencies is obtained thereby reducing the 

possibility of trouble arising from transmission of i-f 

components of the rectified signal into the video amplifier, 

and 

4o the reproduction of the waveform is improvede 

The types of i-f amplifiers interstage-coupling most com-

monly used are: 

lo Synchronous single-tunedo 

2o Staggered single=tunedo 

3o Double tunedo 

4o Inverse-feedbacko 

A simple resume of the ,diff'erent types will be given rather than 
i 

a detailed analysiso An excellent treatment of the subject is 

given by Wallmano5 

4 Reference 26, pp 158-1590 

5 Reference 2~-o 



Each type has its advantages and disadvantages with respect to: 

1. Efficiency., ioeo, gain-bandwidth producto 

2. Construction simplicityo 

3., Noncritica1ness of adjustment .. 

4. Ease of gain control and gain stability. 

5. Selectivityo 

lo Gain-bandwidth Product. The synchronous single-tuned 

amplifiers have gain-bandwidth products substantially smaller 

than any of the other amplifier typeso Flat-staggered pairs 

have somewhat· smaller gain-band~idth products than transitional

ly coupled equal-Q double-tuned circuits,6 while flat-staggered 

tr:'Lples have s1:lghtly larger gain-bandwidth prod ucts'6 ,. Tran~i

tionally coupled one-side-loaded double-tuned circuits have an· 

advantage of exactly 2 over transitionally coupled equal-Q cir-

6 Transitional 

ktrans =i~ 
coupling can be expressed as 

( 1 + 1 ) 
Q~ ~-

for a value of k less than ktrans, the curve of transfer imped
ance against frequency shows only a single maximum; but if 
QaiQs, ktrans is greater than kcrito By definition 

and 

Qa = OJoCa a;-
mo Cs 

Qs = --a;-, 
and there.fore 

In most cases Qs is 
as 

ktrans _, 

large enough so that ktrans may be written 

1 

Qa --/2" 
0 
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cuits., and in turn., surpass the one-side-loaded circuitso 

Plate-grid resistive feedback amplifiers with single-tuned cir

cuit terminations., for example the usual inverse~feedback band

pass amplifiers., are exactly equivalent in gain-bandwidth pro

duct to stagger-tuned amplifiers., except that the effective 

transconductance is lower. 

2. Simplicityo The simplest type of amplifier by far ls one 

that employs synchronous single-tuned circuitso The tuning 

coils are as simple as possible and are identical from stage to 

stageo 

$tagger-tuned and inverse-feedback amplifiers also employ 

very simple coils .. Inverse-feedback amplifiers have the special 

requirement., however., that for satisfactory results the feed.:

back resistors must have very small end-to-end capacity, about 

ten times iess than that of the usual half-watt resistoro 

Double-tuned coils are considerably more complicated than 

single-tuned coils,, Accurate control is required of the· spacer 

controlling mutual inductance as well as the primary and sec

ondary inductanceo This greater coil complexity is in many 

cases the only significant disadvantage of double-tuned circuits. 

3o Tuning Stabilityo Synchronous single-tuned stages are 

extremely noncritical in tuning., while staggered pairs are less 

critic al than staggered tripleso Equal-Q, double-tuned circuits' 

are much less critic al than double-tuned circuits l.oaded on one 

side only., and it has been found that stagger-damped circuits 

employing one-side-loaded double-tuned circuits are extremely 

criticalo It is thought that the equal-Q, double-tuned circuits 



are less critical than any other except the synchronous single

tuned circuitso 

4o Gain Control and Gain Stabilityo Except for inverse-feed

back amplifiers., the individual stages of any or the amplifiers 

can be arbitrarily gain-eontrolledo Since the usual gain control 

varies the negative bias to the grid., the gm of the tube is 

varied and., in an inverse-feedback amplifier, the bandwidth 

would changeo The feedback amplifier has a little better gain 

stabilityo 

Seciond Dete~tor7 

The usual choice of the second detector is a diode operated 

as a linear rectifier ... The theory of this circuit can be found 

in any st·andard engineering text and will not be given here o 

Practical Construction Considera;tions 

R-f and i-f amplifierso Great attention to detail is 

needed to build a stable amplifier having a gaih of 100 decibels 

or more., and which covers a wide band of frequencieso A posi

tive feedback factor as small as 10-6 anywhere in the band is 

very seriouso 

The important points to watch are: 

lo Bad ground paths, 

2o Waveguide feedback, 

3o Inadequate bypassing of heaters, and the B+ gain 

controlo 

7 Reference 6, .chapter 7 for example o 



1. Bad ground paths. At frequencies above 30 me the chassis 

no longer can be considered an equal-potential ground plane of 
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zero inductance., and the induqtance of short lengths of wire 

begin to have appreciable effect. Good construciidn~l practice 

requires that each stage should have all of its circuit compo

nents grounded in one place with short and low inductance con

nections. The stages should be as close together as possible 

to reduce stray capacity. All of the stages should be arranged 

in a straight line or in such a way that the ground currents 

of the.stages are kept isolated. The inductances should be 

oriented so that currents induced in the chassis by tl:;Leir fields 

are a minimumo It is also necessary to locate the components 

so that there is no undue electrostatic coupling. The ground 

circuits for elements which are not part of the i-f circuit 
.. 

should be separated from the circuit ground. The grounding of 

the shells of the 6AC7's should be carried out with care since 

the connection between the tube pin and the shell is extra longo 

The heater circuit should be carefuily isolated so that feedback 

from the input to the output terminals is a minimumo The wiring 

and grounding of the heater circuit should be arranged so that 

the wiring and chassis current do not form a large loop that 

intercouples with the signal currents of the amplifier. The 

coa±ial connections to a high-gain amplifier must be made by 

spreading the braid in circular fashion with grounding all a

round the perimeter. This is important even when making measure

ments on the amplifier. 

2o Waveguide feedback .. Let us now consider the electric and 



magnetic fields inside the amplifier enclosure, :lnasm11ch as the 

fields and the current in the boundary are directly related by 

Maxwellts equationso Using the general field theory we may con-

sider the enclosure as a waveguide and use some of the wave 

guide concepts and resultso 1rhe cutoff frequency,, f c, in terms 

of the width of the guide.is: 

where w is the 2rrf and 

C 
f C = 2Ci.) 

c is the velocity of lighto 

If the frequency used is very much smaller than the cutoff fre

quency the attenuation is 27.3 db over a distance equal to the 

width of the guideo Arr:! box type chassis that is likely to be 

encountered will probably fall in this catagoryo If the pre-

ceding assumption is not adequate to a particular case:;, a post 

making good electrical connections with the top and bottom of 

the box may be used to short out the principal mode., 

3 .. Inadequate bypassing., It should be born in mind that a 

bypass condenser is actually the series combination of its lead 

inductance and its capacitanoeo 

An especi.ally effective means of bypassing involves the use 

of nseries resonant 11 bypass condensers, that is 3 a condenser 

,Nhose connect:lng leads resonate with the capacitances at the i-f 

frequency .. It is important to achieve this series resonance 

by means of a large C and a small 1 9 othertririse the low impedance 

to ground will hold only over a small part of the bando For 

example a 2000 nimfdo condenser with a total lead length of only 

1/6 inch has a bypass Impedance to ground of less than 1/2 ohm 



over a frequency range of 50 to 72 mco 
I 

Parasitic oscillations may be experienced at about 500 or 

600 mco --in i-f amplifiers using 6AK5ts with high-Q or silver-

mica button plate and screen bypass consenserso These parasitics 

are avoided by inserting IO-ohm carbon resistors in the paths 

between the B+ and the screen pinso 
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In the very high frequency band the average atmospheric 

noise is not very great and the man-made static is usually the 

controlling factor. Since the direction-finder is located in 

an isolated location, the receiver noises will be the control

ling factor, but if the receiver has a very low noise factor 

then the noise generated in the antenna is the controlling fac

tor. The ultimate limiting factor, therefore, is the signal-to

noise ratio in the antenna. 

Antenna 

So much is known and understood about antennas that most 

of the development work can be, and should be, done on paper. 

Experiment should be required only for the final engineering 

specifications. Before attempting adjustments, the reference 

material should be studied thoroughly. It is almost impossible 

to devise direct means for measuring the current and its phase 

angle at frequencies around and above 150 me. This leaves only 

the actual r·adiation pattern to give indications of incorrect 

distribution and phasing of the current. 

Receiver 

The receiver was aligned by the use of the General Electric 

Model ST-4A Sweep Generator and Model ST-5A Marker Generator. 

These instruments were designed mainly for alignment of televi

sion sets but a sweep may be obtained in an unmarked portion of 

the dial and the harmonics of the marker generator may be used 
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to set the band-limits of the receiver. Care must be taken not 

to use the image frequency of the receiver.' The bandwidth of 

the receiver was observed to be.about 100 kcs. which may be 

too narrow for this type of' work. The noise figure was not 

measured since a suitable noise standard was not available. 

In order to couple the Wallman cascode amplifier into the 

receiver a length of 5o ohm coaxial line was used., Since the 

output impedance of the sweep generator'was variable a 50 ohm 

type "i:r" resistive pad was connected between the receiver and 

the signai generator., A grid dip meter·was used to obtain the 

proper frequency range of the local oscillator. In order to 

make the initial adjustments on the r-f section the grid dip 

meter was used to' adjust the coils to the proper frequency. 

The sweep generator along with the marker generator was used to 

check the operation over the band of frequencies to be covered. 

No more than the usual difficulties were encountered in the 

alignment. The mixer did oscillate when a signal was applied 

but this trouble was removed by rearranging the plate lead. 

The operation of the Wallman cascade amplifier was also' 

checked with the sweep generator after the initial alignment 

with the grid dip oscillator. The signal.was first applied 

to the receiver and the amount of deflection on the oscilloscope 

noted. Second, the Wallman circuit was placed in the circuit 

and the deflection on the oscilioscope compared with the first 

deflection. The only method of coupling that produced any gain 

was by obtaining series resonance of the coaxial line connection 

on the receiver side. This w·a.s accomplished by adding a capa

citor between the loop and the center conductor of the coaxial 
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line. The value of capacitance is very small and it was obtained 

by twisting two insulated wires together. The coupling was 

tried with and without the coaxial line and very little differ

ence in gain was noted. The value of capacitance required only 

a small changeo 

Recommendations 

There is still considerable research that should be conduc

ted on the antennao The elements should possibly be changed to 

conform with the predicted theory presented in Chapter 2. This 

should result in an improvement of the reception of very weak 

signals. 

The author does not believe that the receiver has enough 

bandwidth to observe t11e waveforms and pass enough energy to 

give a good indication on the recording mete1~s. Since the amount 

of energy received is proportional to the bandwidth9 it follows 

that a wide bandwidth is essential .. A bandwidth of 30 me. for 

the i-f amplifier is suggestedo The second detector should be 

·rollowed by a video amplifier which feeds a peak vacuum tube 

voltmeter and an oscilloscope with a wide frequency range 0 

Obviously the receiver input should be designed to have the 

lowest possible noise figure since., at these very high frequen

cies, the amplifiers are inclined to be noisy unless precautions 

are taken to reduce the noiseo The r-f amplifier should be 

mounted on the same chassis as the rest of the receiver so 

that coupling difficulties will be minimizedo 

As soon as satisfactory results are obtained in the re

ceiver and the antenna signal-to-noise ratio improved and it 
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is suggested that there should be added a PPI indicator similar 

to the type used in the radar counter measure direction-finders. 

Remarks 

The basic fundamentals must be thoroughly understood before 

a satisfactory design can be formulatedo It is the author's 

hope that this paper will p~esent some of the basic knowledge 

required and will serve as a guide and incentive for those who 

will carry on the worko 
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